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t is generally accepted that the oscillation of ICP with the cardiac cycle is a result of the cardiac-driven variations in ABP. Assessment of these ICP oscillations, or pulse pressure, can have important clinical applications, as they will change in both amplitude and timing under pathological conditions. For example, a recent series of clinical studies in normal pressure hydrocephalus have shown that it may be possible to better predict shunt responsiveness based on the amplitude of the pulse pressure. [20] [21] [22] Numerous experimental studies have attempted to clarify this relationship and have shown how it changes under a multitude of clinically relevant conditions such as hypertension and with the induction of hydrocephalus through blockage of the CSF pathways. 23, 30, 33, 42, 45, 47, 51 The link between the ABP and the ICP is the compliant contents of the intracranial cavity, and changes in the intracranial pulse pressure are thus assumed to be dictated primarily by the so-called pressure-volume curve; this curve relates changes in pressure to changes in volume in a compliant system. 26 To explore the nature of the transmission of blood pressure waveforms into intracranial waveforms, systems analysis is often used, expressed as the transfer function between the input and output as a function of frequency, 10, 12, 39, 40, 48, 50, 51 such as the relationship between the ABP (input) and the CSF Object. The intracranial pulse pressure is often increased when neuropathology is present, particularly in cases of increased intracranial pressure (ICP) such as occurs in hydrocephalus. This pulse pressure is assumed to originate from arterial blood pressure oscillations entering the cranium; the fact that there is a coupling between the arterial blood pressure and the ICP is undisputed. In this study, the nature of this coupling and how it changes under conditions of increased ICP are investigated.
Methods. In 12 normal dogs, intracarotid and parenchymal pulse pressure were measured and their coupling was characterized using amplitude and phase transfer function analysis. Mean intracranial ICP was manipulated via infusions of isotonic saline into the spinal subarachnoid space, and changes in transfer function were monitored.
Results. Under normal conditions, the ICP wave led the arterial wave, and there was a minimum in the pulse pressure amplitude near the frequency of the heart rate. Under conditions of decreased intracranial compliance, the ICP wave began to lag behind the arterial wave and increased significantly in amplitude. Most interestingly, in many animals the pulse pressure exhibited a minimum in amplitude at a mean pressure that coincided with the transition from a leading to lagging ICP wave.
Conclusions. This transfer function behavior is characteristic of a resonant notch system. This may represent a component of the intracranial Windkessel mechanism, which protects the microvasculature from arterial pulsatility. The impairment of this resonant notch system may play a role in the altered pulse pressure in conditions such as hydrocephalus and traumatic brain swelling. New models of intracranial dynamics are needed for understanding the frequency-sensitive behavior elucidated in these studies and could open a path for development of new therapies that are geared toward addressing the pulsation dysfunction in pathological conditions, such as hydrocephalus and traumatic brain injury, affecting ICP and flow dynamics. (DOI: 10.3171/2009.1.PEDS08109) or parenchymal ICP (output). These analyses show that: 1) under normal conditions, there is a suppression of the transmission of pulsations from the arteries into the cerebrovascular bed, at the primary cardiac frequency (that is, the heart rate) relative to higher frequency components (that is, harmonics of the heart rate), 10, 49, 50, 52 and 2) under many pathological conditions, the amplitude of the pulse pressure is increased, with most of this increase occurring at the heart rate frequency. 23, 39, 51 While numerous clinical investigations have shown that there are alterations in intracranial pulsations in hydrocephalus 8, 12, 18, 23, 24, 27, 28, 35, [41] [42] [43] 52, 54, 65 and that under certain circumstances these alterations may be used to guide treatment, [2] [3] [4] 7, 9, 13, 14, 19, 25, 29, 32, 37 no investigation has elucidated the underlying physiological causes of these altered pulsations. We hypothesized that there is a direct relationship between the way in which the cranial cavity processes incoming arterial pulsations and the pathophysiology of diseases that involve marked changes in ICP and compliance, such as hydrocephalus. It has recently been suggested that the suppression of transmission of cardiacdriven pressure pulsations into the cerebral capillary beds is not merely a coincidence, but that the cranium optimally filters out, or dampens, these pulsations and that the ABP-to-ICP transfer function behaves like an optimized, resonant process. [15] [16] [17] 66 This filtration may serve to protect the delicate cerebral microvasculature from unnecessary pulsatile stress forces, which have been shown to have deleterious biochemical effects. 6, 11 A physiological explanation for altered pressure pulsations in hydrocephalus might then be based on the impairment of this filtration mechanism.
Recently, we presented an ICP waveform analysis of experiments involving raised ICP in healthy dogs. 66 This investigation identified a notch in the ABP-to-ICP transfer function in the vicinity of the heart rate, a feature that is indicative of resonant behavior. The primary purpose of the current paper was to further explore these data using a different, novel analysis technique taking into account changes in both amplitude and phase of the transfer function and, most importantly, showing the relationship between these parameters and intracranial compliance. Using the data from this study and a careful revisiting of prior studies, we provide further evidence for this new model of ICP dynamics.
Methods

Background: Transfer Function Basics
Because of the technical complexity of some of the analyses used throughout the paper, which may be unfamiliar to some readers, some technical background is in order. The ABP and ICP waveforms have somewhat different morphologies, which tend to become more similar with raised mean pressure. 10, 49, 51 Transfer function analysis can be used to quantify these changes. A pressure waveform can be represented either in the time domain (that is, pressure amplitude vs time), or in the frequency domain (that is, amplitude vs frequency). In the latter case, the pressure is represented as a series of Fourier components containing amplitude (that is, the size of the component) and phase (that is, the timing of the component) information at each discrete frequency. The transfer function is the frequencydomain ICP/ABP ratio.
The transfer function thus represents the transfer of pressure from the ABP into the ICP at each frequency. Of course, the ABP and ICP waveforms are very different in amplitude, the former being around 120/80 mm Hg and the latter being around 10/9 mm Hg. Therefore, the respective waveforms are scaled appropriately, so that the transfer function is a measure of the amplitude at any particular frequency relative to other frequencies. Similarly, the phase information indicates the relative timing of the ABP and ICP waveforms. A negative phase would indicate an ICP that lags behind the ABP, while a positive phase would indicate a leading ICP. The concepts of transfer function and harmonic components are illustrated in detail in Fig. 1 .
Another important concept in transfer function analysis in living animals is that of harmonic components. Although the fundamental component in the transfer function is at the heart rate of the animal, the frequencydomain spectrum of the ABP or ICP will also contain components at multiple harmonics. The harmonics are multiples of the primary cardiac frequency and relate to the specific morphology of the pressure waveform. A nearly sinusoidal, rounded waveform will contain signal mostly in the fundamental component, whereas a signal with sharp features such as a rapid systolic upstroke will also contain prominent second, third, and higher harmonic components.
Background: Resonance and Compliance
Resonance is characterized by a very unique behavior of the transfer function: an extremum (either maximum or minimum) in amplitude that coincides with a transition of the phase from positive to negative. The resonance itself occurs at a specific frequency, determined by the mechanical properties of the system, where the input and output are synchronous (that is, zero phase). Because of this frequency-related behavior, investigations are usually done in the frequency domain, where resonance can be identified by the behavior of the amplitude and phase transfer function. As an example, standard resonance curves are shown in Fig. 2 , both for series resonance in which amplitude increases dramatically and for parallel resonance in which amplitude decreases dramaticallyboth occurring at a particular frequency.
Identification of such resonant features based on the amplitude and phase changes in the low-frequency range, near the frequency of the heart rate, however, is plagued by potential pitfalls. The cardiac-related harmonic nature of the signals (Fig. 1 ) often leads to very sharp harmonic peaks, with large amplitude and phase changes that can mask or mimic resonant behavior. Second, the spectral features at very low frequency are due primarily to respiratory effects, which can have large amplitude in the ICP waves with negligible amplitude in the ABP waves; respiratory variations in pressure are likely the result of intrathoracic pressure transmitted through the spinal subarachnoid spaces into the cranium, unrelated to the arte-rial pressure input to the cranium. This would produce an artifactual amplitude increase at frequencies below the fundamental, again mimicking resonance. Thus, to investigate resonant behavior in the low-frequency range, a method untainted by these potential sources of artifact is needed.
This can be accomplished by realizing that mechanical resonant phenomena vary not only with frequency but in general as the product of frequency and compliance. 15, 31 Thus, it is also possible to probe these phenomena at a fixed frequency (for example, the heart rate) while varying intracranial compliance. Although compliance was not measured directly for this work, it is generally accepted, and has been shown, that intracranial compliance decreases with increased mean pressure. 26, 59 Thus, high ICP data will probe a low-compliance state and therefore serve as an alternate method for effectively probing the low-frequency range of resonance behavior. As an illustration, Fig. 3 shows the same resonant feature of Fig. 2 , but now as a function of mean ICP and at a fixed frequency of 2 Hz.
Pressure Monitoring
Twelve male mixed-breed dogs (18-26 kg) were studied. Each animal was sedated with thiopental, intubated, and anesthetized with 1.5% isoflurane. The right common carotid artery was isolated by open cut-down, and a Microtip pressure transducer (SPR-524, 1-mm diameter, Millar Instruments) was inserted and advanced to the origin of the internal carotid artery just below the skull base. The catheter was secured to the vessel with sutures to preserve patency. A second Microtip catheter was inserted approximately 1-2 cm into the right frontal lobe parenchyma via a small bur hole in the skull, and the hole was sealed with bone wax. The cisterna magna or the lumbar thecal sac was accessed by cut-down and a catheter was threaded into the subarachnoid space for infusion or withdrawal of fluid. Although both signals are periodic in time with the same periodicity, the detailed morphology of the 2 waveforms is significantly different. Right: After Fourier transformation, the signals are represented in the frequency domain, where the amplitude spectrum of each signal depicts the magnitude of the pressure at particular frequencies, while the phase spectrum of each signal (not shown) depicts the timing of the pressure at particular frequencies. In this representation, it can be appreciated that the frequency domain consists primarily of distinct signal peaks. These peaks are the harmonic components of the signal and are situated at discrete multiples of the signal periodicity (for example, heart rate). The first peak is the fundamental or first harmonic frequency and is the basic repeat frequency of the signals; the second peak, situated at twice the fundamental frequency, is the second harmonic, and so on. By taking the ratio of the frequency-domain signals, the transfer function is derived, a measure of the relative amplitude and phase of the 2 signals at each frequency. a.u. = arbitrary units; FFT = fast Fourier transform; s = seconds. The series response, tuned to 8 Hz in this case, results in maximum transmission from input to output at this frequency, and the parallel response, tuned to 2 Hz in this case, leads to maximum absorption of the input and thus minimum output. The amplitude response in the parallel resonance case clearly shows why this behaves like a notch filter, limiting transmission of the input within a fixed frequency range. While both types of resonance exhibit synchrony of the input and output at the resonance frequency (that is, zero phase), the phase curves are quite different and are unique characteristics of each resonant system. Anesthesia was maintained during the experiments using 0.3% isoflurane, 2 l/minute N 2 O, 1.5 l/minute O 2 , and a continuous fentanyl infusion (20-30 µg/kg/hr). Body temperature was regulated with a warming blanket, systemic blood pressure was monitored in the femoral artery, and oxygen saturation levels were monitored with a pulse oximeter on the tongue. Microtip pressure waves were synchronously and continuously monitored and recorded with Labview software (National Instruments), and all sensors were precalibrated at room temperature with a 6-ft column of water. Following the experiment, the animal was killed by overdose of pentobarbital. The animals were treated humanely, in compliance with the "Guide for the Care and use of Laboratory Animals," published by the National Institutes of Health, and the protocol for these experiments was approved by the local Institutional Animal Care and Use Committee.
Once a stable baseline pressure was established (at least 15 minutes), manipulation of the intracranial compliance was initiated. The ICP was manipulated either by elevations with a bolus injection (up to 5 ml) and infusion (0.25-3 ml/minute) of sterile isotonic saline, or reductions by removal of fluid. Mean resting ICPs were typically in the range of 5-15 mm Hg, and the ICP was raised to 30-60 mm Hg over the course of the experiment. Most infusions and withdrawals were performed from the lumbar site; the cisterna magna puncture was used in a limited number of cases when the lumbar catheter became occluded, usually during fluid withdrawal. Each experiment lasted 2-4 hours. Postprocessing and data analysis were conducted using Matlab software (The Mathworks, Natick, MA).
Data Analysis
Intracranial pressure pulses are a product of the transmission of the input arterial pressure pulses to the cranium. To obviate issues of variations in heart rate, ICP, or ABP, each data set (typically 20-minute segments) was first subdivided into smaller subsets of < 10 seconds. The subset waveform was Fourier transformed, and the amplitude transfer function of each subset was calculated as the absolute value of the ratio of the ICP Fourier amplitude divided by the ABP Fourier amplitude at each spectral frequency. The phase transfer function was calculated as the arc tangent of the imaginary part divided by the real part of the Fourier transform. 46, 55 Finally, to increase the signal-tonoise ratio, up to 50 contiguous spectra (with similar mean pressures) were averaged to produce the final spectrum.
A heart rate-adaptive algorithm was implemented to correct for variations in heart rate over the averaging period, which can lead to blurring of the Fourier components. Within each data subset, peak detection in the ABP waveform was used to estimate the total number of cardiac cycles. This process was repeated for all subsets to determine the minimum number of cycles within any given subset. Each subset was then truncated so that all subsets contained exactly this minimum number of cardiac cycles. This process ensures that the fundamental and harmonic cardiac peaks are aligned from one subset to the next, thus minimizing the blurring. Maximum heart rate variation was typically < 20% over a 20-30-minute dataset.
Using the aforementioned processing, the transfer function was interrogated at resting pressure and at the most extreme mean pressure level, typically 30-60 mm Hg. These comparisons allowed the following: 1) qualitative assessment of changes in the transfer function spectrum with dramatically elevated pressure (that is, decreased intracranial compliance 1, 26, 58 ), and 2) statistical analysis of the changes in amplitude and phase of the first 3 cardiac harmonics with increased pressure. Statistical comparisons were performed using the Student t-test and all changes were considered significant at p < 0.05.
The main hypothesis of the paper, that resonance phenomena can be investigated by probing the changes in transfer function amplitude and phase at a fixed frequency with changes in intracranial compliance, was tested by analyzing the fundamental cardiac frequency transfer function as a function of mean pressure, for data sets with a change of > 15 mm Hg over the course of the recording. As noted above (background section), changes in mean ICP cause changes in intracranial compliance. The low-frequency region of the transfer function spectral features can thus most effectively be investigated by probing the transfer function at a fixed frequency while decreasing compliance (that is increasing mean pressure). The amplitude and phase of the transfer function at the fundamental cardiac frequency were extracted from each of the averaged time periods, as well as the mean ICP for that period. All amplitude values are quoted in log units, and phase values in degrees.
Results
The data from 1 of the 12 dogs showed very different results compared with all other animals. In this animal, the ICP waveforms appeared to be inverted compared with the waveforms in all other animals. This resulted in negative phase values at all times, close to 180˚ less than the phase in almost all other experiments. At the current time, we do not have an explanation for this waveform behavior, and for all subsequent discussion this animal was regarded as an outlier and excluded from the analyses. Thus, results are reported for a total of 11 dog experiments.
In general, the waveform data quality was excellent with good stability and reproducibility. However, because of the length of some of the experiments, often exceeding 3 hours, we found that there were often drifts in pressure levels or abrupt changes in pressure unrelated to infusion or withdrawal of fluid. We attributed these changes to either drifting of the position of the intraparenchymal sensor or movement of the animal. It is possible that slight motion of the sensor could lead to a sudden change in pressure level, as the sensor may get pressed again a vessel or sulcus. Thus, absolute pressures were not compared across entire experiments, and the analyses shown below were restricted to individual 20-30 minute recording periods.
Amplitude and Phase Transfer Function: Resting Conditions
At normal resting ICP (mean 9.98 ± 7.12 mm Hg), most animals (8 of 11) exhibited a minimum in amplitude of the cardiac frequency transfer function, compared with the second and third harmonic amplitudes (−2.50 ± 0.58, −2.45 ± 1.13, −1.94 ± 0.85, respectively; cardiac frequency vs second, p = 0.82; cardiac frequency vs third, p = 0.002; second vs third, p = 0.012). The lack of significance between the amplitude of the cardiac frequency and second harmonic was due to 2 cases in which the minimum amplitude was considerably shifted to the second harmonic. The transfer function phase at these 3 frequencies was positive (leading phase) in most cases (56.38 ± 53.83˚, 67.85 ± 46.08˚, and 69.49 ± 38.72˚, respectively; p < 0.01). Two animals exhibiting negative phase at the cardiac frequency also had higher resting pressures, and there was a trend in the cardiac frequency phase toward decreasing phase with increasing resting pressure (R 2 = 0.32, p = 0.07). An example of time-domain ABP and ICP waveforms is shown in Fig. 4 , demonstrating the ICP pulse peaking prior to the peak in the ABP pulse. This pattern was consistent over most experiments (9 of 11) during the resting condition.
A transfer function spectrum is shown in Fig. 5 , demonstrating 2 basic features: 1) a high-frequency, maximalamplitude response, at 7.5 Hz in this case, which coincides with a positive-to-negative crossing of the phase transfer function, and 2) a low-frequency, minimal-amplitude response, at 2.0 Hz in this case, just above a negative-to-positive zero crossing of the phase transfer function. Markers indicate the positions of the first 3 harmonics; all cardiac components of the transfer function have positive phase. While only 1 example is shown, most animals exhibited this same general pattern, although with a large variability in the quality of the high-frequency feature because of the limited signal amplitude at higher frequencies (which was also often masked by harmonic peaks in this portion of the spectrum). Fig. 1 , the 2 waveforms have somewhat different detailed morphologies, and it is evident in this case that the peak of the ICP waveform occurs slightly prior to the peak of the ABP waveform. 
Amplitude and Phase Transfer Function: Elevated ICP
With elevated mean pressure, the cardiac frequency amplitude transfer function increased significantly in all cases and the phase became slightly negative (Fig. 6 ). For pressures above 30 mm Hg (mean 36.49 ± 13.49 mm Hg), the amplitudes of the first 3 harmonics were −1.47 ± 0.62, −1.76 ± 0.82, and −1.61 ± 0.98, and the cardiac frequency and second harmonic amplitudes were significantly increased relative to baseline (p < 0.001 and p < 0.05, respectively). The phase of these components at elevated pressure tended toward synchrony with the ABP (that is zero phase): −19.59 ± 15.88, −4.62 ± 18.47, and 2.19 ± 28.18, all being statistically lower compared with the resting phase (p < 0.005). Figure 7 shows an example of changes in both the amplitude and phase transfer function with elevation in mean pressure, demonstrating the increase in amplitude of the lower harmonics, along with the shift from positive toward negative phase. Figure 8 shows the behavior of the amplitude and phase transfer functions, at the fundamental cardiac frequency, as a function of mean pressure for 6 animals. The data demonstrate, in most cases, 1) an increase in the amplitude of all 3 harmonics with increased pressure, 2) in some cases, increase in cardiac frequency amplitude with decreased pressure, 3) positive phase of all 3 harmonics at low pressure, and 4) a shift, often abrupt, of the cardiac frequency phase from positive to negative with increasing pressure, typically remaining slightly negative for all highpressure levels.
Mean ICP Dependence of Amplitude and Phase
Discussion
Using amplitude and phase transfer function analysis, we have shown that: 1) the normal timing relationship between the ABP and the parenchymal ICP is one in which the ICP wave precedes the arterial pressure, for all cardiacrelated frequency components of the ICP wave; 2) in cases of elevated mean pressure, this phase relationship changes so that the ICP wave lags slightly behind the ABP at the cardiac frequency; 3) the pressure wave amplitude at the cardiac frequency exhibits a minimum at a particular mean pressure that often increases with both increases and decreases in mean pressure; and 4) in over two-thirds of the cases, this minimum in cardiac frequency amplitude coincides with the transition of phase from leading to lagging ICP behavior, which is similar to that of a resonant system (compare Figs. 3 and 8) .
Resonance Phenomena
Tenti et al. 61 recently argued that the synchrony of arterial and CSF pulsations cannot be due to resonance. Based on our findings here, however, it appears that all of the features of the ICP response follow that of a resonant system. Resonant response of a system is characterized by a very unique transfer function feature: an amplitude extremum and synchrony of the input and output waveforms. While resonance is typically associated with a maximum amplitude response, this is not always the case. For example, parallel resonance, such as is exhibited in a notch filter circuit, 31 is characterized by optimal absorption or reflection of the input wave and thus minimal output amplitude. This type of resonance has a distinctive behavior both in terms of the amplitude and in terms of the phase response (see Figs. 2 and 3) .
Our approach is unique compared with prior work by using the combination of amplitude and phase information to show that the ABP-to-ICP transfer function exhibits resonance-like behavior; a maximum-amplitude response in the range of 6-15 Hz and a minimum-amplitude response just below the cardiac frequency, with approximate synchrony of the input blood pressure and output ICP waveforms in both cases. By probing the transfer function as a function of mean ICP, we have further corroborated this finding. We have found a unique ICP response, which fits the resonance model well: 1) The minimum amplitude response at the cardiac frequency and its lowest harmonics behaves like a minimal response resonance, normally situated just below the cardiac frequency, and thus having the largest effect on the fundamental harmonic. 2) With increased ICP, and thus decreased compliance, the position of this feature shifts to higher frequencies, resulting in increased pulse pressure amplitude.
3) The phase of the fundamental cardiac frequency crosses zero with increasing pressure and exhibits a small lagging phase. The characteristic phase response shown in Fig. 3 would explain why the phase lag does not become large at the highest ICP levels. 4) The broad, maximum-amplitude response in the 6-15-Hz range is a result of a maximum-response resonance. Although this feature does not significantly influence the amplitude of the lower cardiac harmonics, it may be responsible for the leading ICP phase under normal conditions. There may be alternate explanations for our results, but this dual-resonance picture is able to provide a clear, coherent picture of intracranial dynamics that explains most of the salient features of our data.
Leading ICP Waves
One of the significant findings of this study is the observation that the phase between the ABP and ICP, under normal resting conditions, is positive; that is, the cardiacdriven components of the ICP lead the ABP. How is this possible? If the blood pressure pulsations cause ICP pulsations, how is it possible for the intracranial pulsation to happen before the pulsations that cause them? The solution may be that the output is not occurring prior to the input; the peak of the output is occurring prior to the peak of the input. In a complex mechanical system such as the cranium, where compliant and inertial interactions are present and most likely critical to the morphology of the ICP pulse, there is a complex relationship between the morphologies of the ABP and ICP pulses. Peak input does not necessarily cause peak output. Variations in the input and the interaction of these variations with the cranium create the morphology, and thus the peak of the ICP pulse. In such a The plots were limited to 20-30-minute recording sessions that had at least a 15-mm Hg variation in ICP over that period. As discussed in the background section, minimal response, or notch filter, resonance is characterized by a minimum in the amplitude of the transfer function, which coincides with a transition in phase from leading (at high compliance/ low pressure) to lagging (at low compliance/high pressure). Under the assumption that increased mean pressure corresponds to decreased intracranial compliance, these plots show resonant-like behavior of the fundamental cardiac frequency in many of the animals, as well as a significant amount of variability in the nature of this behavior between animals. The resonant feature is indicated in each plot with an arrow.
system, a leading ICP is possible, for example, because the rapid upstroke of the ABP may cause the peak in ICP. This is not the first observation of phase leads in intracranial pressure. Nitta and colleagues 45 performed similar experiments with mean ICP being increased via inflation of an epidural balloon, and found increasing delays of the ICP wave with increasing mean pressure and that the peak ICP occurred prior to the peak ABP. In another study, the same group used transfer function analysis and showed a positive ICP-to-ABP phase transfer function for all frequencies above approximately 1.5-2 Hz, 33 which became increasingly negative with elevation of mean ICP. In dogs Portnoy and colleagues 53 demonstrated a phase lead between the epidural pulse and the systemic arterial pulse, which progressed to alignment of the pressure waves at high ICP levels. Piper et al. 47, 48 used transfer function analysis in patients with posttraumatic brain injury and also found a leading ICP, with a zero crossing (that is phase changing from lagging to leading) in the vicinity of the fundamental cardiac frequency. While the phase of the fundamental was negative in most cases, these were patients with elevated ICP, and for one group of patients with lower mean ICP (< 15 mm Hg) the phase of the fundamental cardiac component was positive. Thus, there is substantial support in the literature for this somewhat counterintuitive finding of a leading ICP pulse.
Models of ICP Waves
Portnoy and Chopp 51 were among the first to describe the frequency spectrum of the normal ICP pulse, demonstrating minimal transmission of the lower cardiac components. To explain these results, a number of investigations 5, 35, 36, [62] [63] [64] have used equivalent circuit analogies to model ICP transmission, with the cranium modeled as a low-pass or high-pass filter; neither of these is consistent with our results. However, most of these studies have considered intracranial compliance only, neglecting the contribution of inertial effects (inertia in a mechanical system is the equivalent of inductance in an electrical circuit). In such a system, resonance is not possible. Two groups have previously reported finding an increase in pulsations with both increases and decreases in mean pressure. 23, 60 Taking all of these results together, and in particular producing a unifying explanation of both amplitude and phase changes, it is clear that a new model of intracranial dynamics is needed.
The first evidence that resonant phenomena exist within the cranial cavity was reported by Kasuga et al. 33 In a set of elegant experiments in dogs, they modified the pulse waveform by pacing the animals with a randomly varying heart rate, thereby producing a uniform ABP spectrum as input to the cranium. They showed a consistent, maximal response resonance in the cranium in the range of 10-15 Hz, for which the transfer of the arterial pulse pressure is optimized and which is coincident with a zero phase crossing from positive (leading at low frequency) to negative (lagging at high frequency) ICP pulse. This resonant response of the cranium has since been demonstrated in a number of clinical studies in which it has been used to predict outcome in posttraumatic brain injury.
38,40,48,56
A Functional Explanation: Dissipation of Arterial Pulsations
In addition to demonstrating this type of maximal response resonance, we have further shown evidence of a minimal response resonance in normal dogs. While the physiological mechanisms causing this resonant behavior are currently unknown and beyond the scope of this paper, we would like to propose one possible functional explanation for this behavior. A Windkessel mechanism has been suggested to be responsible for minimizing peripheral vasculature blood flow pulsatility. 57 In most of the body, arterial pulsations are transferred into the surrounding compliant tissue. The brain, however, is surrounded by the noncompliant skull, and pulsations must be vented in some way out of the cranial cavity; pulsations are presumed to be shunted into the CSF and veins, 28 which then transport them out of the cranial cavity. Because the link between arteries and the CSF spaces in the brain is compliant in nature, changes in intracranial compliance can have a dramatic effect on such a mechanism.
Dissipation of arterial pulsations can take place in one of two ways: in a nonresonant fashion where all aspects of the pulsation are diverted, or in a resonant fashion where the pressure pulsations are optimally diverted at a particular frequency, and to a lesser extent at other frequencies. Our amplitude transfer function data show clear evidence of minimal transmission of the cardiac frequency component of the ABP into the ICP. However, because of potential artifacts, this behavior is not necessarily due to a resonant response. In a recent publication using a subset of the data presented here, we used the autoregressive moving average technique to minimize these potential artifacts. 66 We have taken this analysis one step further in the current work by using both amplitude and phase data and by combining this with a novel analysis strategy to interrogate transfer function changes with compliance rather than with frequency. In this manner we have shown that in most animals the amplitude and phase transfer function at the fundamental frequency component behaves in the manner of a minimal response resonant system: a minimum in amplitude that approximately coincides with a transition of phase from leading to lagging and that tends to lag only slightly with extreme pressures.
A final note is warranted on the importance of the heart rate in such a resonant system. If dissipation of arterial pulsations occurs preferentially at the heart rate, what happens when the heart rate varies or is raised significantly such as with exercise? Does the brain operate under suboptimal conditions, allowing excessive pulsations into the microvasculature? We can hypothesize that some degree of autoregulation is able to compensate for heart rate changes; there are known changes in vascular tone, which affect brain compliance, with significant changes in heart rate. However, rigorous discussion of these questions is beyond the scope of this paper and will be addressed in subsequent publications, by evaluating variations in transfer function behavior with natural variations as well as intentional changes in heart rate.
Outstanding Issues and Limitations
While the majority of the data support our model, there were a few individual datasets that seem inconsistent with this model. Most notable was the occurrence of the lowest resting transfer function amplitude being at the second harmonic instead of the cardiac frequency in 3 animals. While we do not have a clear explanation for these results, we can only note that the cranium is not a simple mechanical structure and may indeed exhibit multiple resonant features, which in turn may be variable from subject to subject (for example, differences in resting intracranial compliance or vascular tone). In addition, we have only presented supportive data at the fundamental cardiac frequency (Fig. 8) . In theory, this same behavior should be present for the higher cardiac harmonics but at somewhat higher intracranial pressures. We found that the behavior of the higher harmonics with increased ICP was much more variable than the cardiac frequency, with only a few animals exhibiting clear resonant behavior. In particular, the phase of these higher harmonics was often positive (ICP leading the ABP) for all mean ICP levels. However, it is possible that the higher harmonics may be influenced by the phase response of the maximum response resonance, being closer in frequency to this feature. Indeed, as shown in Fig. 2 , the low-frequency tail of this feature tends toward a large positive phase.
A final limitation of the work is that we have assumed an association between raised ICP and decreased intracranial compliance, and this association is critical for the evidence of resonant behavior of the cardiac frequency amplitude and phase relationships in Fig. 8 . It has been shown previously that increased mean ICP does lead to decreased compliance, 26 but this work also demonstrated that this relationship is not linear over a large range of pressures and, in fact, reversed at low pressures (< 7 mm Hg). Thus, we cannot be certain, for example, that the plateau in phase seen at high intracranial pressures was not due to a plateau in compliance. Further studies will be required to investigate the amplitude and phase behaviors demonstrated in this study with direct measurements of intracranial compliance.
Clinical Relevance
The traditional model of intracranial dynamics, which has been used for decades in understanding of and designing treatments for hydrocephalus, is the MonroeKellie model. 34, 44 While this model has been extremely successful in explaining changes in mean ICP under normal and certain pathological conditions, the model does not inherently incorporate rapidly time-varying effects and is therefore unable to explain frequency-sensitive processes such as those described in the present work. New models of intracranial dynamics that incorporate this frequency-dependent behavior will be needed to explain these effects, to identify their potential sources, and to completely understand the nature of their importance in neuropathology. Our data would seem to place an extreme importance on the amplitude and phase of the transfer function spectrum in a very particular spectral location, namely in the vicinity of the heart rate. By gaining deeper insight into the importance of this resonant phenomenon, it may be possible to design and test novel and counterintuitive therapies based on the regulation and maintenance of this aspect of intracranial dynamics. These investigations may have significant impact in the management of a host of neuropathological conditions affecting intracranial compliance and pressure not limited to hydrocephalus, such as traumatic brain injury, stroke, and arteriosclerosis.
Conclusions
Variations in ABP with the cardiac cycle cause pressure oscillations in ICP. Using amplitude and phase transfer function analysis in dogs under conditions of normal and elevated mean pressure, we have shown that the dissipation of these pressure pulsations behaves similar to a resonant phenomenon. The cranium operates so as to minimize the fundamental frequency pressure variations, potentially allowing for optimal protection of the delicate intracranial capillary networks from excessive pulsatile shear stress forces. These results may have very important implications for the understanding of hydrocephalus and traumatic brain injury, disorders in which intracranial compliance is altered and there are well-known changes in intracranial pulsation distributions, and may lead to new treatment options for these patients.
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